In this paper, optimal power allocation and relay selection strategies in energy harvesting cooperative wireless networks are studied. In particular, signal-to-noise ratio (SNR)-maximizing based power allocation and relay selection without and with energy cooperation-via wireless energy transfer-are considered. Moreover, total relay power minimization subject to target end-to-end SNR is investigated. The different optimal strategies are formulated as optimization problems, which are non-convex. Thus, intelligent transformations are applied to transform non-convex problems into convex ones, and polynomial-time solution procedures are proposed. Simulation results illustrate that power allocation strategies achieve higher end-to-end SNR than relay selection ones. Finally, energy cooperation is shown to be effective in improving endto-end SNR, while total relay power minimization balances end-to-end SNR, transmit power consumption, and harvested energy.
INTRODUCTION
Energy harvesting (EH) has recently appeared as a promising means to extend network life-time and minimize network maintenance costs, ultimately sustaining green wireless networks. Network nodes intermittently harvest energy from random energy sources from the surrounding environment for future use [1] . Due to the random nature of energy arrivals and the time-varying channel conditions, harvested energy and energy availability become random and cannot be predicted in advance. Moreover, stored energy in limited-capacity batteries depends not only on the amounts of harvested energy, but also on the previous signal transmissions. In turn, some network nodes may become energy deprived if harvested energy and transmit power are not cautiously managed [2] . In such scenarios, a balance between the achievable end-to-end signalto-noise ratio (SNR) and power consumption is imperative, so as to guarantee quality-of-service (QoS). Additionally, energy cooperation-in the form of wireless energy transfer between network nodes-becomes highly desirable to improve of transmission time with energy harvesting transmitters is studied in [15] . Particularly, an offline generalized iterative backward water-filling algorithm is developed, where the energy harvesting times and harvested energy amounts are assumed to be known. The solution of the developed algorithm is based on decomposing the transmission completion time into convex optimization problems. In [16] , power allocation and energy transfer policies for optimal sum-rate maximization in a multi-source single-relay wireless network are studied. The authors assume the source nodes and the relay to harvest energy, with energy sharing capability. Moreover, the sum-rate maximization problem is decomposed into optimal energy transfer (OET) and optimal power allocation (OPA) problems. The solution to the OET problem reduces to an ordered node selection based on wireless and energy transfer channels; while that of the OPA problem reduces to a directional water-filling solution. In [17] , the use of voluntary AF relays that participate in transmission only if they have sufficient energy is proposed. Additionally, the authors analyze the symbol error rate performance for energy constrained and unconstrained relays, and conclude that energy usage not only depends on transmit power setting, but also on the number of available relays.
In this paper, different power allocation and relay selection strategies are studied for multi-user cooperative wireless networks with multiple EH amplify-and-forward relays * . Particularly, SNR-maximizing power allocation and relay selection strategies are considered, where each relay only utilizes its own harvested energy. After that, energy cooperation-via wireless energy transfer-is augmented with the different strategies to efficiently share and utilize the harvested energy among the relay nodes. On the other hand, it is intuitive that increasing the transmit power of a relay improves the end-to-end SNR; however, it may unnecessarily consume all its harvested energy, which otherwise could have been stored for later transmission of its data, or cooperation with other nodes. Therefore, total relay power minimization subject to target end-to-end SNR (which provides QoS guarantee) is also studied to achieve a balance between end-to-end SNR, transmit power consumption, and harvested energy. The different power allocation and relay selection strategies without and with energy cooperation are formulated as optimization problems, which happen to be non-convex, as they involve non-convexities in the objective function and/or constraints [18] . Consequently, such problems are difficult to solve in real-time, requiring computationally-intensive global optimization techniques. Therefore, intelligent transformations and techniques are applied to convert the original non-convex problems into convex and/or linear programming ones. After that, polynomial-time solution procedures are devised, which can be efficiently executed, yielding optimal solutions.
In contrast to previous works, this work provides an overall comparison of power allocation and relay selection strategies for end-to-end SNR maximization in multi-user multi-relay energy harvesting wireless networks, while taking into account energy cooperation. In addition, total relay power minimization subject to QoS guarantee is evaluated under different combinations of power allocation, relay selection and energy cooperation strategies. This has been achieved via novel optimization-theoretic formulations, and intelligent reformulations and solution procedures.
The main contributions of this paper are summarized as follows.
• Formulation of the optimal SNR-maximizing:
-power allocation without and with energy cooperation problems as multi-objective linear fractional optimization problems, and reformulating them into parametric linear programming problems.
-relay selection without and with energy cooperation problems as mixed integer nonlinear fractional programming problems, and reformulating them into integer fractional programs.
• Devising optimal polynomial-time solution procedures for the different power allocation and relay selection problems, without and with energy cooperation. * It should be noted that the power allocation and relay selection strategies studied in this paper are online solutions, since energy arrivals and channel conditions are random and not known a-priori [5] . • Formulation of the optimal total relay power minimization subject to target end-to-end SNR:
-without and with energy cooperation as linear programming problems, which can be solved efficiently using any standard optimization software package.
-with relay selection, and joint relay selection and energy cooperation problems as mixed integer nonlinear programming problems, which-after appropriate transformation-can be solved using polynomial-time solution procedures.
This paper is organized as follows. In Section 2, the network model with energy harvesting relays is presented. Sections 3 and 4 discuss SNR-maximizing power allocation and relay selection strategies, respectively. Power allocation and relay selection strategies with energy cooperation are studied in Section 5. In Section 6, total relay power minimization subject to target end-to-end SNR is considered. Simulation results are presented in Section 7 to validate the different strategies and their solution procedures. Finally, conclusions are drawn in Section 8. 
NETWORK MODEL
are the channel variances, expressed in terms of the inter-node distances, and the path-loss exponent ν. Additionally, each source-destination pair Si − Di is assigned a signature waveform ci(t), which allows multiuser detection at each destination node. The cross-correlation coefficient between waveforms ci(t) and cj(t) is denoted ρi,j, where 0 ≤ ρi,j ≤ 1 for i ̸ = j, and ρi,i = 1, ∀i ∈ {1, 2, . . . , N }. No direct link is assumed between each source and destination node. Furthermore, the power consumption for data reception and processing at each relay is assumed to be negligible. Without loss of generality, it is assumed that all source nodes have the same transmit power (i.e.
Communication between each source-destination pair is performed over two time-slotted phases: (1) broadcasting phase (N time-slots), and cooperation phase (1 multiple-access time-slot). Let ζ ≥ 1 represent a communication frame, which consists of N + 1 equal-length unit-duration time-slots † . For the first frame, each relay harvests energy from the N prior time-slots and utilizes the harvested energy for cooperative relaying in the cooperation phase (see Fig. 1 ). It should be noted that any harvested energy during the multiple-access time-slot of the cooperation phase is not utilized for cooperative transmission in that frame, but instead stored for use in the following communication frame(s). Hence, for the following frames (i.e. ζ > 1), each relay harvests energy from N + 1 time-slots. Additionally, channels experience block-fading and remain constant during each communication frame, but change from one frame to another.
Energy arrivals at each relay R k are modeled as a Poisson process with rate λr k per time-slot [19] . Now, let Nr k (t (ζ)) be the number of energy arrivals up to and including the N th time-slot t(ζ) = N + (ζ − 1) · (N + 1) of frame ζ, where 
The amount of harvested energy during communication frame ζ is given by ∆E
Assuming battery-capacity constraint Bmax at all relays, then E ζ Σ,r k ≤ Bmax.
Remark 1:
The total harvested energy in any communication frame
, ∀k ∈ {1, 2, . . . , K}.
Broadcasting Phase
In the broadcasting phase of communication frame ζ, the received signal at relay R k from source node Si is given by
where x ζ i is the source node's symbol, and n ζ s i ,r k is the zero-mean N0-variance AWGN sample at relay R k . The SNR of the detected received signal is obtained as [20] 
At the end of the broadcasting phase, each relay R k will have received N signals { y
from the N source nodes.
Cooperation Phase
In the multiple-access time-slot of the cooperation phase of frame ζ, each relay R k simultaneously transmits the following signal
where
is a normalization factor. The received signal at destination node Di is written as §
where P ζ r k is the cooperative transmit power allocated by relay R k in communication frame ζ, and n
is the AWGN process at destination node Di. Substituting (2) and (4) into (5) gives
wheren
Let ρi,j = ρ, ∀i ̸ = j, then the decorrelated received signal of source node Si at destination node Di is obtained as [20] y
, and ϱN is given by § Perfect timing synchronization is assumed among the relay nodes. 
The instantaneous SNR of the received decorrelated signal y
which can be re-expressed as
, and p
which is a ratio of two linear functions.
Remark 2:
The SNR function γ
, ∀i ∈ {1, 2, . . . , N } is a linear fractional (LF) function that is quasimonotonic (i.e. both pseudo-convex and pseudo-concave) in
. It should be noted that there is a total power constraint per time-slot Pmax, such that Ps ≤ Pmax, and P ζ r k ≤ Pmax, ∀k ∈ {1, 2, . . . , K}. In turn, the total transmit relay power must satisfy
POWER ALLOCATION
The aim is to optimally allocate the harvested energy such that the SNR of each source-destination pair is maximized in each communication frame ζ. Hence, the optimal SNR-maximizing power allocation (OPT-PA) problem is formulated as a multi-objective linear fractional optimization problem as ¶ OPT-PA (ζ):
, . . . ,
The first constraint ensures that the total relay transmit power does not exceed the transmit power constraint Pmax, while the second constraint ensures that the transmitted power per relay R k does not exceed its total harvested energy.
The OPT-PA (ζ) problem is generally non-convex, since the SNR function γ
Si − Di is quasi-monotonic (see Remark 2); although the feasible region is a nonempty, compact convex set of linear constraints [22] . Moreover, the maximization of LF functions is known to be NP-complete [23] . Consequently, solving such problem for each communication frame ζ is computationally prohibitive. ¶ When a relay R k transmits in the cooperation phase, it does so at a constant power P To efficiently solve problem OPT-PA (ζ), one must maximize the LF function γ
of each source-destination pair Si − Di, subject to the same set of constraints, i.e.
LF-PAi (ζ):
where A is a (K + 1) × K matrix, b ζ is a (K + 1) × 1 vector, and 0 is a K × 1 all-zeros vector. The LF-PAi (ζ)
problem possesses some interesting properties; most importantly, a local maximum is also a global maximum, which is attained at an extreme point (i.e. a vertex) in the convex feasible region [24] . This leads to the following proposition [22] .
of source-destination Si − Di is maximized when only one of the relays
, yielding the maximum value of
, while the other relays are nulled (i.e. P ζ r l = 0, ∀l ̸ = k). Proof: By applying a solution of the Karush-Kuhn-Tucker optimality conditions, as in [25] .
2
Based on the obtained solutions
is reformulated into a parametric linear programming (LP) problem, as [26] R-OPT-PA (ζ):
which can be easily solved using any standard optimization software package. The solution procedure for optimal SNRmaximizing power allocation is summarized in Table I .
Remark 4:
Under the R-OPT-PA (ζ) problem, not all the harvested energy is necessarily utilized (i.e.
. , K}). Thus, in the following communication frame, the harvested energy is given by
.
RELAY SELECTION
Relay selection (RS) can be implemented so as to reduce the number of simultaneous transmissions during the multipleaccess time-slot of the cooperation phase. In turn, this alleviates the need for the stringent timing synchronization of all K relay nodes. It should be noted that relay selection in EH cooperative networks is slightly more involved than in conventional cooperative networks, as it not only depends on channel conditions, but also on the amount of harvested energy. For instance, a relay with the best source-relay and relay-destination channel conditions may have harvested the least amount of energy. Consequently, it may not necessarily be the optimal relay to select.
To formulate the SNR-maximizing relay selection problem, let I Power Allocation, Relay Selection and Energy Cooperation Strategies in Energy Harvesting...
M. W. Baidas, and E. A. Alsusā
Hence, the optimal SNR-maximizing relay selection (OPT-RS) problem can be formulated as
The second constraint enforces the selection of the optimal relay, while the third constraint ensures that if a relay is not selected, then its transmit power is set to zero. Clearly, the OPT-RS (ζ) problem is a mixed integer nonlinear fractional programming problem, which belongs to the NP-hard class of mixed-integer nonlinear programming (MINLP)
problems [27] . Therefore, such a problem is extremely computationally intensive, and a reformulation is necessary. As per Proposition 1, the LF functionγ
for only one relay R k ; while the other relays' transmit powers are set to zero. Thus, set P 
The optimization of an ILFP is known to be NP-hard [28] . However, based on Proposition 1, problem R-OPT-RS (ζ)
reduces to selecting relay R k that maximizes the objective function when it sets P
, while all the other relays are idle. Hence, optimal relay selection ROPT can be achieved by the solution procedure outlined in Table II .
Remark 5: The relays that have not been selected in communication frame ζ remain in an idle state until the following communication frame. Additionally, the selected relay (say
for relaying; while the idle relays potentially get to harvest and store more energy. Hence, a relay with good channel conditions that was not selected in communications frame ζ may have harvested high enough energy to be selected in the following communication frame.
ENERGY COOPERATION
Relay nodes may assist each other by sharing a portion of their harvested energy via a separate energy transfer unit, to efficiently utilize the harvested energy. However, wireless energy transfer is subject to an energy efficiency transfer factor [4] , and since there is a loss associated with such wireless transfer, a tradeoff between transferring energy or using it for relaying exists. Thus, this section considers the power allocation and relay selection strategies when augmented with energy cooperation.
Power Allocation
Let ε ζ k,l ≥ 0 be the amount of energy transferred from relay R k to relay R l , for k ̸ = l. Also, let 0 ≤ δ k,l ≤ 1 be the end-to-end transfer efficiency factor ∥ . In this work, the transfer energy factor is defined in terms of the distance between the relays, such that δ k,l = e −ηd 2 r k ,r l = δ l,k , where η is a constant loss factor. Therefore, the farther apart the relays, the less the transfer efficiency. In turn, the total transmit power available at relay R k becomes
while the transmit power and transferred energy must satisfy
The wirelessly transferred energy
l,k may temporarily be stored in a super-capacitor until cooperative transmission occurs [29] . This particularly happens when
In the case of Pmax ≤ Bmax, a super-capacitor is not needed.
The optimal SNR-maximizing joint power allocation and energy cooperation (OPT-PA-EC) problem is formulated as OPT-PA-EC (ζ):
The first constraint ensures that the total transmit power constraint is satisfied, while the second constraint ensures that the total transmit relay power and transferred energy by a relay R k does not exceed E 
where S ζ i is defined as ∥ The delay associated with energy transfer is assumed to be negligible.
Power
Additionally,Z 
whereP ζ r k is defined asP Table III .
Joint Relay Selection and Energy Cooperation
The optimal SNR-maximizing joint relay selection and energy cooperation (OPT-RS-EC) problem is formulated as
OPT-RS-EC (ζ):
where the fourth constraint ensures that a relay will only transfer energy to another relay if it was not selected; while the rest of the constraints are as before. By the same token of problem R-OPT-RS (ζ), problem OPT-RS-EC (ζ) can be reformulated as
To devise a solution procedure, the optimal SNR-maximizing relay ROPT-EC is the one that maximizes the product of LF functions of the objective function when it uses all its harvested energy and "if necessary" cooperation energy from the neighboring relays, according toP ζ r k (see (27) ). Since there is a loss associated with wireless energy transfer, then energy cooperation between the relays must be done in accordance with the following proposition.
Proposition 2: From an energy perspective, the optimal wireless energy transfer policy to a relay is an ordered sequence, in which the relay with the best wireless transfer efficiency (i.e. closest to that relay) transfers its energy, then the second best/closest relay and so on, until Pmax is reached.
Proof: This proposition can be proved by both contradiction and induction. Assume that energy is to be wirelessly transferred to relay R k , and letĒ
. Now, let there be three other relays, R l , Rq and Rw (for l ̸ = q ̸ = w ̸ = k), with relay R l (Rw) being the closest to (farthest from) relay 
q,k = Pmax, then relay R l does not need to transfer any energy. However, the energy that would have been transferred by relay
, and thus ε ζ l,k < ε ζ q,k since δ l,k > δ q,k , which is a contradiction. Now, consider the case of all three relays, R l , Rq and Rw, and assume that relay R l is in fact the first to transfer all its energy, such that E
Rw is the second to transfer its energy, then ε
Σ,rw to reach Pmax. However, the energy that would have been transferred by relay Rq is ε Hence, problem R-OPT-RS-EC (ζ) can be solved using the solution procedure illustrated in Table IV .
TOTAL RELAY POWER MINIMIZATION
It is intuitive to see that increasing the transmit power of a relay improves the end-to-end SNR; however, it may unnecessarily consume all its harvested energy. In practical wireless networks, some relays may want to store some of the harvested energy for later use in transmitting their own data while satisfying target QoS when relaying for other nodes.
Moreover, a relay with low transmit power may not provide a good performance; while a relay with a relatively high transmit power will exhaust its harvested energy too soon. Consequently, it is essential to consider total relay power minimization while meeting target SNR requirements, such that a balance between end-to-end SNR, transmit power consumption, and harvested energy is achieved. 
Without Relay Selection

Without Energy Cooperation
The optimal total relay power minimization (OPT-TRP-MIN) problem subject to target minimum SNR γT-MIN per source-destination pair Si − Di is expressed as * *
OPT-TRP-MIN (ζ):
Constraints (13a) and (13b).
Although the objective function is linear (and hence convex), this problem is still non-convex, as the first constraint involves an LF function. However, it can be transformed into a linear one as
Consequently, problem OPT-TRP-MIN (ζ) is reformulated as
R-OPT-TRP-MIN (ζ):
Constraints (13a) and (13b),
which is an LP problem that can be solved by any standard optimization software package.
With Energy Cooperation
The optimal total relay power minimization with energy cooperation (OPT-TRP-MIN-EC) problem is given by
OPT-TRP-MIN-EC (ζ):
which is reformulated as s.t.
R-OPT-TRP-MIN-EC (ζ):
which is an LP problem that can be easily solved.
With Relay Selection
Without Energy Cooperation
The optimal total relay power minimization with relay selection (OPT-TRP-MIN-RS) problem is formulated as
OPT-TRP-MIN-RS (ζ):
which is an MINLP problem. Such problem can be reformulated as
R-OPT-TRP-MIN-RS (ζ):
min ∑ K k=1 P ζ r k · I ζ r k s.t. K ∑ k=1 P ζ r k ξ ζ i,k · I ζ r k − γ T-MIN · ( K ∑ k=1 P ζ r k χ ζ r k,i · I ζ r k + 1 ) ≥ 0, ∀i ∈ {1, 2, . . . , N },
Constraints (18a) -(18d). (36)
To determine the optimal total power minimizing relay, for each relay R k , set I 
With Energy Cooperation
The optimal total relay power minimization with relay selection and energy cooperation (OPT-TRP-MIN-RS-EC) problem is given by
OPT-TRP-MIN-RS-EC (ζ):
which can be reformulated as 
R-OPT-TRP-MIN-RS-EC (ζ):
The solution procedure to solving the above problem is similar to that presented in Table V , but with R-OPT-TRP-
MIN-RS (ζ) replaced by R-OPT-TRP-MIN-RS-EC (ζ).
Moreover, the relay R k with the minimum transmit power and transferred energy
Remark 7: All proposed solution procedures of the reformulated optimization problems have polynomial-time complexity.
In summary, the formulated power allocation, relay selection and energy cooperation for SNR maximization and total relay power minimization are optimal on a communication frame-by-frame basis. This is due to the fact that the different strategies are performed every communication frame ζ, while taking into account the random energy arrivals (modeled as Poisson processes), and instantaneous channel conditions that vary from one from communication frame to another. Moreover, in our network model, a battery-capacity constraint Bmax is assumed at all relays, along with a total power constraint per time-slot Pmax (as per Remarks 1 and 3), which are to be met in every communication frame ζ.
Furthermore, the different strategies take into account the total harvested energy (as well as any leftover energy from previous transmissions) up to the N th time-slot of the current communication frame ζ (as per Remarks 4, 5 and 6). In other words, such strategies harmonize the energy consumption for data transmissions with the battery recharge rate by harvesting energy from the random and sporadic RF signals in every communication frame. Lastly, our wireless energy transfer model (for energy cooperation) takes into account the loss associated with it. Hence, our online formulations and solution procedures are optimal, since they take into account randomness in energy arrivals and channel conditions in every communication frame, and thus capture the dynamics of practical energy harvesting networks.
SIMULATION RESULTS
(and hence less path-loss). Furthermore, it is evident that the end-to-end SNR values under the power allocation strategies without and with energy cooperation (Figs. 3a and 3c ) are greater than those of their relay selection counterparts (Figs. 3b   and 3d ). This is because under the power allocation strategies, all the harvested energy from the different relays can be simultaneously utilized in the multiple-access transmission; while under the relay selection strategies, only the harvested energy at the selected relay and possibly transferred energy are utilized. Lastly, one can see that energy cooperation improves the end-to-end SNR under the different strategies (see Figs. 3a and 3c , and Figs. 3b and 3d) .
In Fig. 4 , the average available energy at each relay under the different optimal SNR-maximizing strategies is shown.
In Fig. 4a , one can see that the available energy at relay R3 is greater than the other two relays, although it harvests energy at a lower rate. This is due to its location being relatively farther from both source-destination pairs than the other two relays, which in turn implies that its not as effective as the other relays for SNR maximization, and thus its harvested energy is not utilized as much. Moreover, the available energy at relay R1 is the lowest although it has the highest rate of energy arrivals, which indicates that its harvested energy is effective for SNR maximization and thus often exhausted.
Additionally, the available energy for all relays is exhausted at low P/N0 values, but starts to increase at relatively high values of P/N0. This is because the resulting end-to-end SNR starts to saturate for high enough P/N0 values (see Fig.   3a ) and thus, some of the available energy becomes redundant. Fig. 4b shows that relay R2 has the lowest available energy although it has the second highest energy arrivals rates, but due to its location, it is more effective for SNR maximization when selected (as will be illustrated in Fig. 5 ). Additionally, relay selection without energy cooperation (see Fig. 4b ) results in higher energy availability than power allocation without energy cooperation (see Fig. 4a ), as only one relay is active in any cooperation phase, and thus relays get to store more energy on average. Fig. 4c shows that the available energy at relay R2 decreases with the increase in P/N0, while that of relays R1 and R3 increases. This implies that it is more effective for SNR maximization for relay R2 to utilize its energy for relaying and possibly energy cooperation with relays R1 and R3.
One can also see that the available energy at the relays with energy cooperation (see Fig. 4c ) is higher than that without it (see Fig. 4a ). Thus, joint power allocation and energy cooperation retains more energy at the relays, despite the loss associated with wireless energy transfer. Finally, Fig. 4d shows that all the energy is exhausted for joint relay selection and energy cooperation, as all the harvested energy at a relay is wirelessly transferred to the selected relay, which uses it along with its harvested energy for cooperative relaying. This has happened in our simulations because the total harvested and transferred energy at the optimal relay is always less than Pmax. If this had not been the case, then some relays would have retained some of their harvested energy.
Figs. 5a and 5b illustrate the percentage of SNR-maximizing relay selection without and with energy cooperation at P/N0 = 40 dB, respectively. In Fig. 5a , one can see that relays R1 and R2 are selected %52 and %43 of the time, respectively, while relay R3 is selected only %5 of the time. However, in Fig. 5b , it can be seen that relay R2 is selected about %88 of the time, despite its energy arrival rate not being the greatest. This is due to relay R2's location being relatively closer to both source-destination pairs, which makes selecting this relay more effective in improving the end-toend SNR when combined with energy cooperation.
In Fig. 6 , the average total relay power is compared under the different optimal total relay power-minimizing strategies when P/N0 = 40 dB and γT-MIN = 3 dB. It is clear that the optimal problem formulations coincide with the reformulated solutions. In addition, one can see that power allocation without energy cooperation (Fig. 6a ) requires more relay power than that with energy cooperation (Fig. 6c) . This is because with energy cooperation, it possible that a relay with bad channel conditions but high enough harvested energy, to share its energy with other relays that have better channel conditions, ultimately satisfying the target end-to-end SNR γT-MIN with less total relay power. On the other hand, relay selection with energy cooperation (Fig. 6d ) yields lower total relay power than that without energy cooperation (Fig. 6b ).
This is explained by noting that a relay with good channel conditions but low harvested energy may still be selected, as energy can be transferred to it from the other relays to satisfy γT-MIN with the minimum amount of relay power. Overall, the power allocation strategies require less total relay power than their relay selection counterparts, as all the relays can participate in cooperative transmission, such that γT-MIN is satisfied ‡ ‡ Fig. 7 illustrates the average end-to-end SNR of source-destination pairs S1 − D1 and S2 − D2 under total relay power minimization. It is evident that both source-destination pairs satisfy the required γT-MIN, with source-destination pair S1 − D1 achieving higher end-to-end SNR than S2 − D2 under the different strategies, in agreement with the results presented in Fig. 3 . Moreover, for the S1 − D1 pair, the TRP-MIN-ORS strategy yields higher end-to-end SNR than TRP-MIN-ORS-EC, as it requires greater total relay transmit power (see Figs. 6b and 6d ). In addition, the end-to-end SNR of TRP-MIN-OPA-EC strategy is lower than that of TRP-MIN-OPA. This is attributed to the efficient sharing of harvested energy between the relays such that the total relay transmit power is minimized (in agreement with Figs. 6a and 6c). Furthermore, due the locations of nodes S2 and D2 being relatively farther from the relays than nodes S1 and D1, then intuitively, it is more important to select a relay that satisfies γT-MIN for S2 − D2, which will most likely satisfy it for the S1 − D1 pair, and yield-on average-higher end-to-end SNR for it. Overall, the power allocation strategies yield lower end-to-end SNR than the relay selection strategies, as they require less total relay transmit power to satisfy γT-MIN.
In Figs. 8a and 8b, the average relay selection probabilities for total relay power minimization without and with energy cooperation are illustrated. In both figures, it is clear that relay R2 is selected much more often than the other two relays, which is due to its location being relatively closer to both source-destination pairs than the other relays. Moreover, the probability of selecting relay R2 is greater with energy cooperation, as noted earlier.
On the other hand, relay R3 is selected more often than relay R1. This is interpreted by noting that source-destination pair S2 − D2 is relatively farther from relay R1 than source-destination pair S1 − D1. Thus, to minimize the total relay transmit power, both source-destination pairs are better served by relays R2 and R3 to satisfy γT-MIN. and 9b, one can see that the EPA and RRS strategies yield significantly less end-to-end SNR under both source-destination pairs than the different optimal power allocation and relay selection strategies. Additionally, the obtained end-to-end SNR under RRS is worse than that of the EPA, in agreement with previous results that demonstrated that the power allocation strategies are superior to their relay selection counterparts.
In Fig. 10a , the average total relay power of the different optimal total relay power-minimizing strategies-when P/N0 = 40 dB and γT-MIN = 3 dB-are compared with those of the TRP-MIN-EPA and TRP-MIN-RRS. It is evident that the TRP-MIN-RRS strategy is the worst in terms of the total relay power, which is followed by the TRP-MIN-EPA strategy. Figs. 10b and 10c illustrate the end-to-end SNR of the source-destination pairs S1 − D1 and S2 − D2, respectively, where it can be seen that although the TRP-MIN-EPA and TRP-MIN-RRS strategies satisfy γT-MIN under both source-destination pairs, the end-to-end SNR of the TRP-MIN-RRS strategy is higher than all the other strategies for both source-destination pairs. This is in agreement with the observation made in Fig. 10a that it requires the greatest total relay power. Therefore, the optimal strategies require less total relay power in order to closely satisfy γT-MIN = 3 dB than the TRP-MIN-EPA and TRP-MIN-RRS strategies. ‡ ‡ Since all the optimal and reformulated optimal SNR-maximizing and total relay power-minimizing strategies have been shown to yield identical results in terms of the end-to-end SNR and total relay power, respectively, then the SNR-maximizing OPT-PA and R-OPT-PA (OPT-PA-EC and R-OPT-PA-EC) strategies are collectively referred to as OPA (OPA-EC). Similarly, their relay selection counterparts are denoted ORS and ORS-EC. As for the total relay power-minimizing strategies, the OPT-TRP-MIN and R-OPT-TRP-MIN (OPT-TRP-MIN-EC and R-OPT-TRP-MIN-EC) strategies are collectively referred to as TRP-MIN-OPA (TRP-MIN-OPA-EC). Similarly, the relay selection strategies are collectively denoted TRP-MIN-ORS and TRP-MIN-ORS-EC.
CONCLUSIONS
In this paper, power allocation and relay selection strategies for end-to-end SNR-maximization without and with energy cooperation are studied. In addition, total relay power minimization subject to target end-to-end SNR is considered to maintain QoS. Particularly, the different strategies are formulated as optimization problems, which are non-convex. However, by applying intelligent transformations, such problems have been converted into convex ones.
After that, polynomial-time solution procedures have been proposed and verified to coincide with the optimal non-convex formulations. Additionally, it has been shown that power allocation strategies achieve higher end-to-end SNR than the relay selection strategies. Furthermore, energy cooperation has been shown to be effective in improving end-to-end SNR and minimizing total relay transmit power when augmented with the power allocation and relay selection strategies. Table I . Solution Procedure for Optimal SNR-Maximizing Power Allocation
Step 1:
Step 2: Solve problem R-OPT-PA (ζ) to obtain p ζ r . Table II . Solution Procedure for Optimal SNR-Maximizing Relay Selection
Step 1: For each k ∈ {1, 2, . . . , K},
Step 1 Step 1.2:
Step 2: Determine R OPT = arg max k∈{1,2,...,K} Π RS,k , and Π OPT-RS = max k∈{1,2,...,K} Π RS,k . Step 1: Step 1.2:
Step 2: Determine R OPT-EC = arg max k∈{1,2,...,K} Π RS-EC,k , and Π OPT-RS-EC = max k∈{1,2,...,K} Π RS-EC,k . Step 1: For each k ∈ {1, 2, . . . , K},
Step 1 
